The phylogenetic diversity of oligotrophic bacterioplankton communities was compared with 16s ribosomal RNA genes cloned from natural populations. The data reported here extend a previous analysis of a bacterioplankton 16s rRNA clone library with 15 additional nucleic acid clone sequences, to provide information on 60 16s rDNA clones from hydrostation S in the Sargasso Sea. The data were compared to partial sequences of 37 Bacterial 16s rDNA clones reported from a surface picoplankton population collected at the Aloha station in the North Pacific gyre, and partial sequences of 29 Bacterial 16s rRNA clones obtained from sites near Bermuda and the western California Current. The results support reports of diverse groups of previously unknown a-proteobacteria, y-proteobacteria, and cyanobacteria in oceanic surface samples.
Oceanic biogeochemical
processes are mediated by communities of microorganisms, which have often been viewed as "black boxes" in which most of the organisms present are not defined in taxonomic or phylogenetic terms. Uncertainties about the diversity and genetic structure of these natural bacterioplankton populations stem from the limitations of common microbial cultivation techniques, which typically support the growth of only a small subset of cells from the original sample (Ferguson et al. 1984; Jannasch and Jones 1959; Kogure et al. 1979) .
The use of ribosomal RNAs as markers for species diversity is providing a fresh approach for investigating the structure of microbial communities (Ward et al. 1992) . Biases in the filtration and cloning procedures used in these studies are not yet well understood, but they clearly appear to be less limiting than the biases associated with microbial cultivation.
Phylogenetic analyses provide information on bacterioplankton population diversity, as well as nucleic acid probes, which can be used to establish the significance of cultured microorganisms and to study the temporal and spatial distributions of microbial taxa in the oceans (DeLong 1992; Giovannoni et al. 1990a ). The general utility of nucleic acid probes for the study of L To whom correspondence should be addressed.
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bacterioplankton will depend to a large extent on the diversity of bacteria in samples. If similar bacterial taxa make up most of ocean surface communities, then it may be possible to investigate community dynamics using a limited set of probes.
16s rRNAs isolated thus far from natural bacterioplankton samples are diverse, but predominantly fall into several distinct phylogenetic groups (Giovannoni and Cary 1993) . Most of the clones belong to the cyanobacteria and proteobacteria, although gram-positive bacteria, flavobacteria, and novel Archaea genes have also been found.
Most samples studied so far have come from the surface of subtropical regions of the ocean, although samples from 100 and 500 m and from marine snow have also been examined (Britschgi and Giovannoni 199 1; Fuhrman et al. 1993) .
Here we report data that extend our previous analysis of bacterioplankton 16s rDNA genes from hydrostation S in the Sargasso Sea with 15 additional sequences. We also present the 16s rRNA nucleotide sequence of Methylobacter pelagicus, determined from a cultured isolate.
Comparisons to similar rDNA clone libraries prepared from Atlantic and Pacific Ocean samples identified many gene lineages common to both oceans, as well as several new gene lineages found only in the collection of genes from hydrostation S.
Materials and methods
Clone library construction -The construction of this clone library was reported previously (Britschgi and Giovannoni 199 1). Briefly, Sargasso Sea bacterioplankton populations were collected by tangential flow filtration (Giovannoni et al. 1990b ) from surface seawater samples at hydrostation S (32"4'N, 64"23'W) , lysed by enzymatic digestion, and extracted with phenol. Procar-yotic 16s rDNAs were amplified from the mixed population genomic DNAs by means OF the polymerase chain reaction (PCR) (Giovannoni 199 1; Saiki et al. 1988) , with a universal 16s rDNA primer (1406R : ACGGGCGGTG-TGTRC) and a bacterial 16s rDNA primer (68F: TNA NACATGCAAGTCGAKCG).
A clone library was constructed by ligating blunt-ended amplification products into the SmaI restriction site of pBluescript KS II-(Stratagene).
DNA sequencing and phylogenetic analysis -Singlestranded DNA templates for sequencing were prepared by infection with R408 helper phage (Stratagene) (Baldari and Cesareni 1985) . Plasmid DNA for sequencing was prepared by a standard alkaline lysis method and purified over CsCl gradients (Moore 1989) . Standard dideoxynucleotide chain-terminating methods (Sanger et al. 1977 ) with universal primers (Lane et al. 1988) and Sequenase (U.S. Biochemical Co.) were used to determine nucleic acid sequences. Phylogenetic analyses were restricted to regions of unambiguous nucleotide alignment. All sequences were submitted to the Ribosmal RNA Database Project command CHECK-CHIMERA to detect the presence of chimeric artifacts (Larsen et al. 1993) . Phylogenetic relationships were inferred by the neighborjoining method using the phylogeny inference package version 3.4 (Felsenstein 1985; Saitou and Nei 1987) . Phylogenetic trees were edited with the program Treetool provided by Mike Maciukenas.
Accession numbers -Clones from the Sargasso Sea (hydrostation S) library were assigned the prefix "SAR," and numbers ranging from 1 to 176. Sequences were filed in Genbank under accession numbers: SAR86, L35460;  SAR89, L35464; SAR102, L35460; SAR116, L35463;  SAR121, L35462; SAR122, L35465; SAR125, L35466;  SAR134, L35467; SAR135, L35473; SAR145, L35468;  SAR156, L35469; SAR160, L35470; SAR166, L35471; SAR176, L35472; M. pelagicus, L35540.
Bacteriochlorophyll measurements -Picoplankton samples were collected for bacteriochlorophyll measurements on 20 June 1992 at the Bermuda Atlantic Time Series (BATS) station (31"50'N, 64"lO'W) with an Amicon H 1 OP30-20 hollow fiber filter. Samples were collected before dawn to minimize exposure to light. Picoplankton were concentrated from 500 liters of seawater and stored on liquid nitrogen. Concentrated cells were extracted with 3 ml of methanol, 0.005% sodium ascorbate (wt/vol) at 4°C for 6 h in the dark with agitation. Rhodobacter sphaeroides was used as a positive control. Methanol extracts were dried in vacua, extracted with 400 ~1 of ethyl ether, and extracted a second time with water saturated with NaCl. The ether phase was dried and resuspended in 100 ,ul of methanol, 0.005% sodium ascorbate (wt/vol). Optical absorbance spectra from 400 to 1,100 nm were determined on a Shimadzu UV 16OU spectrophotometer. Cell pellets were also examined for the presence of bacteriochlorophylls by high pressure liquid chromatography (HPLC) using the methods of Hurley and Watras (1991) . (Britschgi and Giovannoni 1991) . Of the 50 clones that contained complete inserts, 23 had no internal BamHI or PstI restriction sites and did not hybridize to SAR 11 or marine Synechococcus phylogenetic group-specific probes. The 15 additional clone sequences presented here are representative of this uncharacterized group of clones. Phylogenetic analysis identified five of these clones as cu-proteobacteria and nine as members of the y-proteobacteria subdivision (Table  0 Terminology-Some of the terminology used here was recently introduced to this field and describes phenomena that were not previously known. The term "cluster" has been used to describe a set of related gene lineages. Commonly, when a few genes of a taxonomic type are observed among clones from a natural system, they are not all alike. Most OF these sequence differences are real, not artifacts. The differences may stem from clonal variation within microbial populations, variations within gene families, or spcciation. The term "group" has frequently been used to refer to sets of taxa. Hence, we discarded it in favor of the term cluster. At present, it seems most simple to refer to related sets of unknown gene lineages as part of the same cluster, unless there is evidence of speciation, as in the oxygenic phototrophs. We also use the term "community" in place of "assemblage," since the latter suggests that the spatial association of lineages is accidental.
Overlap among rDNA libraries from d@erent oceansAn important finding of this study was that closely related lineages occurred in clone libraries prepared from differ- et al. 1993) revealed that many of the same microbial lineages were present in all of the samples. In comparisons of the SAR and AL0 clone libraries, 14 gene lineages were found altogether, of which six were found in both analyses. The extent of overlap between these libraries indicates that certain microbial species may be distributed widely in subtropical ocean surface bacterioplankton communities. This result has important implications for molecular studies of bacterioplankton communities, since it suggests that probes for a limited number of taxa might account for a majority of cells in ocean surface samples from different sites. Sequence data from the AL0 clone library does not overlap the nucleotide positions studied by Fuhrman and coworkers from the Atlantic BDA site and the Pacific NH site; therefore direct comparisons between those data sets were not possible. The SAR clone sequences described here overlap both of those data sets. Hence, we present separate comparisons to each. Table 3 . Sequence similarities among plankton clones and rDNAs from cultured marine bacteria. Boldface indicates similarities >0.92. Similarities were based on -987 positions, except for clones SAR134 and SAR122, which were based on 200 and 700 positions, respectively. The biases involved in the cloning methods used for studies such as this are not well understood. For example, the shotgun approach to cloning used to construct the AL0 clone library could be biased by differences in genome size and gene copy number between species, differences in genomic DNA guanine plus cytosine content, and the physiological impact of the unknown genes which lie close to ribosomal RNAs and are thus cloned with them by this method. Perhaps for these reasons, shotgun clone libraries are not used in molecular biology to reconstruct gene frequency. Clone libraries of PCR products, represented by the SAR, BDA, and NH libraries, at best sample gene concentration in a mixture, without taking genome size and copy number into account. Also, like shotgun clone libraries, they may be biased by genomic DNA guanine plus cytosine content. An additional factor in the polymerase chain reaction is the potential for bias if novel genes have unforeseen sequence substitutions at primer hybridization sites. This concern is substantially mitigated by the exceptional detail of the databases from which the primers are designed.
Coverage of the clone libraries -The frequency of characterized clones in the SAR clone library is presented in Table 2 . The portion of a clone library of infinite size that would be sampled by the smaller clone library we describe can be calculated. This value, termed coverage (C) by Good ( 1953) , is derived from the equation
Here, n, is the number of clones from Table 2 that occurred only once (frequency = l), and N is the total number of clones examined. For this calculation we have assumed that clones which are >97% similar are identical. This value is conservative; it would lump together closely related genera such as Salmonella and Escherichia, but exclude variation introduced by PCR artifacts and microheterogeneities in rDNA gene families. For the library of 42 characterized clones analyzed here, coverage is 8 1%. Thus, the data presented here would account for -8 1% of the clones in a similar clone library of infinite size. The available information does not permit us to estimate the diversity of the remaining 19% of rDNAs that are unaccounted for; they may be of few or many rDNA types.
It is interesting to compare the coverage of this rDNA library with that presented by Schmidt et al. (199 1) cannot calculate coverage in this way from the data of Fuhrman et al. (1993) , which are derived from several samples in which smaller numbers of clones were examined.
If we assume that rDNA copy numbers do not vary greatly for marine bacteria, and that PCR and cloning provide a reasonable representation of rDNA frequency, then this analysis suggests that most of the total bacterial rDNA genes from these samples have been identified by the data described in this paper. This result is primarily of interest for studies of carbon flux, since taxa contributing significantly to carbon flux also are likely to be abundant. Focusing on these abundant taxa is an obvious choice for addressing community dynamics. However, many bacteria important to other marine processes may not be accounted for, since species present in relatively low numbers may participate substantially in biogeochemical or pathogenic processes.
Phylogenetic identiJcation of bacterioplankton genes -
The genes cloned from the hydrostation S bacterioplankton sample were identified as members of the cu-proteobacteria subdivision, y-proteobacteria subdivision, and cyanobacteria (Fig. 1) . These designations were determined from similarities in primary sequence as well as by analyses of conserved signature sequences and secondary structure motifs. The example in Fig. 2 illustrates unique structural heterogeneities in the 450 loop/stem region of the 16s rRNA molecule which characterize the three major divisions of clones. Primary sequence similarities within and among the three divisions were determined based on 987 nucleotide positions (Table 3) . The novel lineages related to flavobacteria and gram-positive bacteria detected by Fuhrman et al. (1993) were not present among the genes sequenced from the SAR or AL0 clone libraries.
Twelve major bacterial lineages were represented in the SAR collection of genes. Four of these have been identified with cultured isolates. The four identified genes include the marine Synechococcus group and Prochlorococcus marinus, which were also found in the AL0 and NH collections of genes. Of the remaining eight lineages, three were described previously from the SAR collection (SARl 1, SAR83, SAR92) but are not allied closely with . Phylogenetic tree showing relationships of a-proteobacteria rDNA clones from the Sargasso Sea (SAR and BDA) and the Pacific Ocean (AL0 and NH). Representative gene sequences from cultivated bacterial species are included for reference; however, complete comparisons were made to the files of the Ribosomal Database Project (> 1,000 procaryotic sequences; Olsen et al. 1991) . This analysis included all overlapping sequence positions for the sets being compared. This phylogenetic tree was inferred as described in the legend of Fig. 1. any cultivated species (Britschgi and Giovannoni 199 1). Two other gene lineages were described previously from the AL0 and NH clone libraries, and three are unique to this library.
The new gene lineages described here are SAR12 1, SAR 125, and SAR 145. These genes have no counterparts in the ALO, NH, or BDA clone libraries, or among data bases from cultivated species. The closest relative of SAR145 was the y-proteobacterium M. pelagicus (similarity = 0.86). The SAR121 lineage is a novel a-proteobacterial gene sequence, with no identifiable relatives above the subphylum level.
One of the clones from hydrostation S (SAR 117) was identified as a chimeric gene. The command CHECK -CHIMERA (Larsen et al. 1993) indicated that clone SARl17 was composed of the two 16s gene fragments, one most closely related to Alteromonas haloplanktis (ca. a-proteobacteria -Three unique gene clusters (SAR 11, SAR83, SARl16) in the cx-proteobacteria subdivision (similarity L 0.96) were found in samples from more than one site (Fig. 3) . The SARl 1 cluster, shown at the bottom of the phylogenetic tree in Fig. 3 , was reported previously (Giovannoni 199 most abundant members of bacterioplankton communities in subtropical oceans (Giovannoni and Adair unpubl.) . In clone libraries from Atlantic and Pacific Ocean surface samples, the SARl 1 cluster has been the most frequent clone type recovered, with the possible exception of cyanobacterial genes Fuhrman et al. 1993) . This cluster has no known close phylogenetic neighbors. The physiology and life history of these organisms is unknown.
The SAR83 cluster, also reported previously, has a Pacific Ocean counterpart (NH 16-3) from samples collected at a depth of 100 m. This cluster was extended by the addition of a related subcluster (SARI 22; similarity = 0.95; Fig. 3 ). This subcluster contains two Sargasso Sea clone sequences (SAR102, SAR 122) which are nearly identical to the sequence of AL0 17, a gene described from the Aloha station (similarity = 0.99).
The SAR83 cluster is most closely related to the marine species Roseobacter denitriJicans (similarity L 0.93; Britschgi and Giovannoni 1991) . This cultured marine species is an aerobic photoheterotroph capable of photophosphorylation and requires organic carbon and oxygen for growth (Harashima 1989; Okamura et al. 1985) .
R. denitrzjkans strain OCh 114 had formerly been referred to as an Erythrobacter sp. but was recently assigned to a new genus (Shiba 199 1) .
We analyzed the pigments of bacterioplankton collected from surface waters at the Aloha and BATS stations by reverse-phase HPLC and spectroscopy and found that bacteriochlorophyll a was undetectable with an assay sensitive to 11 fmol liter-' (Hurley and Watras 199 1). Thus, it appears unlikely that oceanic members of the SAR83 cluster possess the photoheterotrophic physiology of related Roseobacter strains. Strain LFR, a heterotrophic bacterium that was isolated from the Sargasso Sea, is also phylogenetically related to the SAR83 cluster. Strain LFR can degrade dimethylsulfonio-propionate and contains carotenoids (Ledyard et al. 1993) . The SAR 116 lineage is part of a unique cluster within the a-proteobacteria with a single counterpart in the AL0 clone library (AL024; Fig. 3 ). This lineage was not seen in the BDA or NH clone libraries. Recently, other clones belonging to this cluster have been identified in an rDNA clone library prepared from Oregon coastal plankton samples, providing further evidence for the widespread occurrence of this gene cluster in seawater (M. Rappi: pers. comm.).
y-proteobacteria -A striking difference between this study and previous studies was the finding of two y-proteobacteria genes that are nearly identical to genes from cultivated species. This is a noteworthy result for investigators who are interested in identifying culturable bacterioplankton for laboratory studies. The y-proteobacteria subdivision contains the largest number of sequences from cultured marine strains that is available for phylogenetic comparisons. Fifty 16s rRNA sequences from cultured marine y-proteobacteria (KitaTsukamoto et al. 1993) were used in the analysis presented here. Among these strains are representatives of 10 genera including Alteromonas, Pseudomonas, and members of the families Vibrionaceae and Aeromonadaceae.
16s rRNA gene clones from the Sargasso Sea library fell into six distinct lineages distributed throughout the y-proteobacteria (Fig. 4) , comprising SAR92, SAR 160
and its relatives including Alteromonas haloplanktis, the SAR86 cluster including SAR89 and SAR156, SAR145, SAR 125, and SAR134 and its relative Photobacterium phosphoreum. The two named, cultivated species of the y-proteobacteria subdivision that were identified in the SAR library are the chemoheterotrophic bacteria Photobacterium (SAR 134; similarity = 0.97; Haygood and Distel 1992) and A. haloplanktis (SAR160, SAR166; similarity = 0.98). A. haloplanktis has a strict respiratory, nonfermentative metabolism (Gauthier et al. 1992 ). Both of the above isolates are common in marine environments and are frequently recovered in culture from offshore areas around Hawaii (Baumann and Baumann 198 1) . SAR 134 and the SAR160 cluster did not have counterparts in the other clone libraries.
The Aloha gene clones AL030 and AL033 were nearly identical in sequence to SAR 156, with variation in only two of 19 1 nucleotide positions. Schmidt et al. (199 1) reported that AL030/AL033
could not be associated with a specific subdivision of the proteobacteria, but an analysis of additional nucleotide positions from SAR156 established that this cluster belongs to the a-proteobacteria. Comparisons show that 35 of the 38 signature sequence positions distinguishing y-proteobacteria were conserved in the SAR156 sequence (-838 positions; Woese 1987 were an A-U transversion in a loop region (position 50) plus a pair of transversions (U-A at position 822 and A-U at position 878) in a stem region, which resulted in an A-U base pairing. A secondary structural model for domain two of the SAR 156 rRNA, indicating signature nucleotides shared with the y-proteobacteria, is shown in Fig. 5 . This result underscores the potential limitations of phylogenetic analyses based on a low number of sequence positions and illustrates the value of combining structural and signature sequence analyses with phylogenetic analyses of primary sequences.
The SAR156 subcluster (SAR156, AL030, AL033) was related to the larger SAR86 cluster, including clones SAR135, SAR86, SAR89, AL04, and multiple BDA and NH clones (Fig. 4) . The remaining clone lineages, SAR 145 and SAR 125, branch deeply and reveal no specific relationships to other members of the y-proteobacterial subdivision.
The AL0 clone library contained two novel y-proteobacteria lineages (AL0 18, AL040) that had no counterparts in the other clone libraries. However, AL040 is distantly related to the reference strain M. pelagicus. This methane-oxidizing bacterium was isolated from the upper mixed layer of the Sargasso Sea (Sieburth et al. 1987 ).
Cyanobacteria -The cyanobacterial division is a phylogenetically coherent group of oxygenic phototrophs, all of which have photosynthetic reaction centers with chlo-rophyll a (Doolittle et al. 1975; Woese 1987) . Cyanobacterial gene clones from the libraries fall into the closely related marine Synechococcus and Prochlorococcus groups (similarity 1 0.96; Fig. 6 ). Closely related rDNA lineages (similarity 2 0.96) were seen among clones from both groups.
The presence of the marine Synechococcus group A in two of the sample sites (SAR7, SAR 100, SAR 139, AL0 11) is consistent with earlier studies identifying this as an abundant oceanic plankton group (Waterbury and Rippka 1989) . Glover et al. (1988) as its principal photosynthetic pigments and lacks phycobiliproteins . Gene sequence analysis of P. marinus indicates that it is closely related to the marine Synechococcus group A cluster and is distinct from the phenotypically related Prochloron and Prochlorothrix lineages (Urbach et al. 1992) . The presence of the prochlorophyte was also anticipated since prochlorophytes have been found to be ubiquitous and abundant throughout the world's temperate and tropical oceans (Chavez et al. 199 1; Olson et al. 1990; Vaulot et al. 1990 ).
Discussion and conclusions
This analysis provides some significant insights into bacterioplankton community structure. Overlap between clones from different oceans suggests that carbon flux in bacterioplankton communities might be addressed by focusing on the activities of a few key microbial groups. Fuhrman et al. (1993) reached a somewhat different conclusion and emphasized that the communities they studied were diverse and not strongly dominated by particular species. The clone libraries they studied may be more diverse because they used "universal" PCR amplification primers. However, the primers we used are general for all bacteria with the exception of the Planctomycetales. Furthermore, coverage values and clones from the SAR and AL0 libraries are quite similar, although the libraries were constructed by completely different methods. It seems more likely that the conclusions of Fuhrman et al. (1993) were influenced by the limited numbers of clones (9-l 5) that were analyzed from each environmental sample. Many important questions remain unanswered. As larger clone libraries are analyzed, it is likely that additional lineages will emerge, and overlap among minor community members will become more obvious. The samples described here are from subtropical sites and may not be representative of other oceanic regions and may, FUHRMAN, J.A.,K. MC~ALLUM,AND A.A. DAVIS. 1993 . Phylogenetic diversity of subsurface marine microbial communities from the Atlantic and Pacific Oceans. Appl. Environ. Microbial. 59: 1294-l 302. also be biased by differences in the methods of sample collection and cell lysis. Given these considerations, it is perhaps all the more remarkable that these comparisons reveal substantial overlap between results from different investigators.
Ultimately, questions of spatial and temporal change in community composition will require quantitative information from oligonucleotide probe hybridization studies. The focus of such efforts is largely established by studies such as this, which serve to identify abundant lineages and to provide nucleic acid sequences for probe design. It will be equally important to resolve the relationships between cultured bacterial isolates and naturally distributed strains.
There are two alternative explanations for the limited overlap between gene sequences from cultured marine bacteria and gene clones from natural populations: either most open-ocean bacterioplankton are unrecognized species which were not identified previously because they cannot be cultivated by standard methods, or rDNA sequence data bases and taxonomic schemes do not adequately represent the diversity of cultivatable bacterioplankton. The second argument would be more likely if bacterioplankton populations were geographically diverse assemblages and not communities dominated by a few specific groups; as is suggested by the data presented here.
